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Interactions between Polymorphonuclear Leukocytes and Pseudomonas
aeruginosa Biofilms on Silicone Implants In Vivo
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Chronic infections with Pseudomonas aeruginosa persist because the bacterium forms biofilms that are tolerant to antibiotic
treatment and the host immune response. Scanning electron microscopy and confocal laser scanning microscopy were used to
visualize biofilm development in vivo following intraperitoneal inoculation of mice with bacteria growing on hollow silicone
tubes, as well as to examine the interaction between these bacteria and the host innate immune response. Wild-type P. aerugi-
nosa developed biofilms within 1 day that trapped and caused visible cavities in polymorphonuclear leukocytes (PMNs). In con-
trast, the number of cells of a P. aeruginosa rhIA mutant that cannot produce rhamnolipids was significantly reduced on the
implants by day 1, and the bacteria were actively phagocytosed by infiltrating PMNs. In addition, we identified extracellular
wire-like structures around the bacteria and PMNs, which we found to consist of DNA and other polymers. Here we present a
novel method to study a pathogen-host interaction in detail. The data presented provide the first direct, high-resolution visual-

ization of the failure of PMNss to protect against bacterial biofilms.

nderstanding the biofilm phenotype of chronic infections has

helped to explain why antibiotic concentrations recom-
mended by clinical microbiology laboratories often fail in treating
these infections (15). Bacteria in biofilms are aggregated and often
sessile, and they differ from free-floating cells by their slow growth
and tolerance to antibiotics. To elucidate mechanisms involved in
the biofilm phenotype, researchers have extensively investigated
the phenomenon by using the opportunistic Gram-negative
pathogen Pseudomonas aeruginosa both in vitro and in vivo. P.
aeruginosa is frequently isolated from foreign body infections (4)
and chronic wounds (21, 25) and is the primary bacterium iso-
lated from the lungs of cystic fibrosis (CF) patients with chronic
infections, where P. aeruginosa resides as a biofilm (34).

Poor antibiotic efficacy is not the only problem in the fight
against biofilms. Chronic infections develop because the innate
immune response is ineffective at clearing biofilm infections, ir-
respective of the location of the biofilm in the host (8, 25). Within
the innate immune response, phagocytic cells such as macro-
phages and polymorphonuclear leukocytes (PMNs) act as the first
line of host defense (33). PMNs are recruited from the blood in
response to a series of inflammatory signals (reviewed in reference
10). After arrival at the site of infection, PMNs start to phagocy-
tose invading bacteria and contribute to the development of in-
flammation. Resolution of inflammation involves PMN apoptosis
and engulfment by macrophages, a process that leads to division
of granule content and fragmentation of the PMNs, which serve to
limit the release of toxic molecules such as elastase, oxidants, and
nuclear DNA that would otherwise damage host tissue (16). In
normal tissue, such as in the lung, the massive PMN recruitment
that occurs in response to acute infection can usually be resolved
successfully, and the tissue will regenerate once the infection is
cleared (16).

Foreign body-related infections involve primarily Gram-posi-
tive bacteria such as staphylococci (reviewed in reference 37). The
bacterial colonization most likely occurs following contamination

August 2012 Volume 80 Number 8

Infection and Immunity p. 2601-2607

of the medical device from the patient’s skin or mucous mem-
branes or from the hands of the clinical staff during implantation
(37). Although they are less common, foreign body-related infec-
tions with Gram-negative bacteria tend to be more severe (19).
Gram-negative bacteria such as P. aeruginosa have been cultivated
from urines of trauma patients with catheter-associated bacteri-
uria (18) and from peritoneal catheters in peritoneal dialysis pa-
tients (17), and in these cases the bacteria frequently form bio-
films. Biofilm formation on foreign bodies proceeds by initial
adhesion and attachment followed by proliferation and biofilm
formation (37). Biofilms on the surfaces of infected foreign bodies
persist despite host defense mechanisms. Antibiotics also fre-
quently fail to eradicate the infection, leaving removal of the im-
plant as the only option for resolving the infection (reviewed in
reference 37).

The immune response in the peritoneal cavity involves PMNs
(reviewed in references 13, 19, and 39) and is very effective against
bacterial infections that do not involve a medical device. After
initial infections, bacteria are removed via the lymphatics and pass
into the systemic circulation, where the reticuloendothelial system
clears them from the blood or they are filtered out at retrosternal
lymph nodes (39). The peritoneal cellular defenses are subse-
quently activated, leading to clearance of bacteria from the peri-
toneum (39). In contrast, introduction of a foreign body into the

Received 30 November 2011 Returned for modification 26 January 2012
Accepted 4 May 2012

Published ahead of print 14 May 2012

Editor: B. A. McCormick

Address correspondence to Thomas Bjarnsholt, tbjarnsholt@sund.ku.dk.
Supplemental material for this article may be found at http://iai.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/1A1.06215-11

iai.asm.org 2601


http://iai.asm.org/
http://dx.doi.org/10.1128/IAI.06215-11
http://iai.asm.org

van Gennip et al.

peritoneal cavity followed by a bacterial challenge results in rapid
colonization of the implant and the establishment of chronic in-
fection (39). The implant also becomes coated with plasma and
connective tissue proteins such as fibronectin, fibrinogen, vitro-
nectin, thrombospondin, laminin, collagen, and von Willebrand
factor (37).

In 1991, Buret et al. (13) described a biofilm model in rabbits
for investigating the evolution and organization of a P. aeruginosa
biofilm on a silastic subdermal implant by use of light microscopy
and transmission electron microscopy (TEM). In 2007, a new
model for studying in vivo biofilms was published by Christensen
et al. (14). This model involves the introduction of a flat silicone
implant into the peritoneal cavity of mice precolonized with P.
aeruginosa and was designed to test the efficacy of quorum sensing
inhibitors (QSIs) in the treatment of biofilm infections. Using the
model of Christensen et al. (14) in parallel with a pulmonary P.
aeruginosa infection model, we showed that disabling the QS sys-
tems with QSIs or by mutation increased the sensitivity of the
biofilm to the innate immune response and enabled PMNs to clear
the biofilm infection (6, 7, 36).

In the interplay between biofilms and PMNs, rhamnolipids are
a particularly important virulence factor. Jensen et al. (23) showed
that rhamnolipids produced by P. aeruginosa cause PMNs to un-
dergo necrotic death, and Alhede et al. (1) showed that P. aerugi-
nosa responds to the presence of PMNs by upregulating the syn-
thesis of rhamnolipids. Using a pulmonary infection model and
the model of Christensen et al., it was shown that an rh/A mutant
was cleared from the lung more quickly than wild-type (WT) P.
aeruginosa, suggesting that rhamnolipids mediate protection
against PMNss (36).

However, the direct interplay and the failure of PMNs to
phagocytose P. aeruginosa in a biofilm have never been observed
directly in vivo. Therefore, the model of Christensen et al. (14) was
modified by use of hollow tubes instead of flat implants to allow
visualization of this phenomenon. The hollow tubes allow for vi-
sualization of the biofilm and its interaction with the host cellular
response by use of both scanning electron microscopy (SEM) and
confocal laser scanning microscopy (CLSM). In this study, it was
used to visualize the protective role of rhamnolipids against PMNs
in the infection process by examination of implants from mice
inoculated with a P. aeruginosa rhIA mutant or WT strain.

MATERIALS AND METHODS

Bacterial strains. All experiments were performed with a WT P. aerugi-
nosa PAO1 strain and its isogenic derivatives, obtained from Barbara
Iglewski (University of Rochester Medical Center, NY). Construction of
the isogenic rhlA::gentamicin mutant was carried out as described earlier
(32). The strains were tagged with a plasmid-based mini-Tn7 transposon
system (pBK-miniTn7-gfp3) constitutively expressing a stable green fluo-
rescent protein according to the method of Koch et al. (26).

Growth of bacteria. Bacteria from freezer stocks were plated onto blue
agar plates (State Serum Institute, Denmark) and incubated at 37°C over-
night. Blue agar plates (containing bromothymol blue) (SSI, Denmark)
are selective for Gram-negative bacilli (22). One colony was used to inoc-
ulate overnight cultures grown in LB medium at 37°C with shaking.

Animals. Female BALB/c mice were purchased from Taconic M&B
A/S (Ry, Denmark) at 8 weeks of age and were maintained on standard
mouse chow and water ad libitum for 2 weeks before challenge.

The animal studies were carried out in accordance with the European
Convention and Directive for the Protection of Vertebrate Animals used for Ex-
perimental and Other Scientific Purposes (15a) and the Danish law on animal
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experimentation. All experiments were authorized and approved by the Na-
tional Animal Ethics Committee, Denmark (The Animal Experiments In-
spectorate [http://www.justitsministeriet.dk/dyreforsoeg.html]), and were
given the permit number 2010/561-1817.

Foreign body infection model. The foreign body infection model was
carried out as previously described (9, 14), but with the following modi-
fications: the silicone tubes (inner diameter, 4.0 mm; outer diameter, 6.0
mm; wall thickness, 1.0 mm) (Pumpeslange 60 Shore A; Ole Dich Instru-
mentmakers Aps) were cut to a height of 4 mm, and the bacterial pellet
from a centrifuged overnight culture was resuspended in 0.9% NaCl to an
optical density at 600 nm (ODy,) of 0.1.

Mice were anesthetized by subcutaneous (s.c.) injections in the groin
area with Hypnorm-midazolam (Roche) (Hypnorm [0.315 mg fentanyl
citrate ml~ ! and 10 mg fluanisone ml '] plus midazolam [5 mg ml ']
and sterile water [1:1:2]). For postoperative pain, the mice received bu-
pivacaine and Temgesic. Pentobarbital (DAK) (10.0 ml kg™ ' body
weight) was injected intraperitoneally (i.p.) to euthanize the mice at the
end of the experiments.

Quantitative bacteriology. After removal from the mice, silicone im-
plants were placed in centrifuge tubes containing 2 m1 0.9% NaCl and kept
on ice until the tubes were placed in an ultrasound bath (Bransonic model
2510 bath; Branson Ultrasonic Corporation) for 10 min (5 min of degas-
sing followed by 5 min of sonic treatment). Following the ultrasound
treatment, the samples were vortexed, serially diluted, and plated on blue
agar plates. The plates were incubated at room temperature for 2 days
before determination of CFU.

DNase treatment. To evaluate the “wire-like” structures observed by
propidium iodide (PI) staining, we immersed implants from 1 and 2 days
postinsertion (dpi) in either 1 ml of phosphate-buffered saline (PBS) con-
taining 125 units Benzonase nuclease (Sigma-Aldrich, GmbH, Germany)
or PBS alone.

Preparation for SEM. The silicone implants and pure salmon sperm
DNA were fixed in 2% glutaraldehyde in 0.05 M sodium phosphate buffer
(pH 7.4). After three rinses in 0.15 M sodium phosphate buffer (pH 7.4),
specimens were postfixed in 1% OsO, in 0.12 M sodium cacodylate buffer
(pH 7.4) for 2 h. Following a rinse in distilled water, the specimens were
dehydrated to 100% ethanol according to standard procedures and criti-
cal point dried (Balzers CPD 030 instrument) using CO,. The specimens
were subsequently mounted on stubs, using colloidal coal as an adhesive,
and sputter coated with gold (Polaron SEM E5000 coating unit). Speci-
mens were examined with a Philips FEG30 scanning electron microscope
operated at an accelerating voltage of 2 kV.

Staining procedures for ex vivo implants. To visualize PMNs and
biofilms, the tubes were cut into eight pieces with a scalpel and stained
after removal from the mice. The cut concave tubes were placed in a flow
cell with a cover slide on top. Cell viability was assessed using PI (P-4170;
Sigma) at 10 wM for visualizing dead cells and extracellular DNA (eDNA)
as red fluorescence and with Syto9 (Invitrogen) at 2.5 wM for visualizing
live cells as green fluorescence. All observations and image acquisitions
were performed using a confocal laser scanning microscope (Leica TCS
SP5 [Leica Microsystems, Germany] or LSM 710 [Zeiss, Germany]). Im-
ages were obtained with a 63X oil or dry objective or a 100X oil objective.
Image scanning was carried out with 488-nm (green) and 543-nm (red)
laser lines from an Ar-Kr laser. Imaris software (Bitplane AG) was used to
generate images of the biofilm.

Statistics. All statistical analyses were performed with GraphPad
Prism, version 5.0 (GraphPad Software, San Diego, CA). The test for
normality on the bacteriology results did not confirm a Gaussian distri-
bution for all data sets; therefore, a nonparametric Mann-Whitney test
was chosen to compare the medians for the different treatment regimens.
P values of =0.05 were considered significant.

RESULTS

Growth of P. aeruginosa on hollow silicone implants. The im-
plants used in the modified model were hollow silicone tubes,
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FIG 1 Implant inserted into the mouse peritoneal cavity. (A) Hollow silicone
tube used in the mouse model, with an inner diameter of 4 mm. (B) Implants
encapsulated in fat tissue at 3 dpi. (C) Bacterial clearance of WT P. aeruginosa
and the rhlA mutant. There was a significant difference in the number of CFU
recovered for mice infected with WT P. aeruginosa compared to mice infected
with the rhIA mutantat 6 hpi (**, P < 0.0003), 1 dpi (***, P < 0.002), and 2 dpi
(¥***, P < 0.002). There was no significant difference at 0 hpi (¥, P < 0.66).
Circles and squares represent the numbers of CFU per implant for individual
mice; bars represent the medians. The Mann-Whitney U test (analysis of non-
parametric data) was used to compare bacterial counts for calculating P values
in the statistical program GraphPad Prism, version 5.0 (GraphPad Software,
Inc., San Diego, CA). P values of =0.05 were considered significant.

which were inserted into the left side of the peritoneal cavity of
each mouse (Fig. 1A). When the implants were subsequently re-
moved, they were often encapsulated in fatty tissue, as shown in
Fig. 1B.

The bacterial load associated with the implants was measured
at 0 h (preinsertion), at 6 h postinsertion (hpi), and at 1 and 2 days
postinsertion (dpi) (Fig. 1C). As shown in Fig. 1C, the bacterial
load of the rhlA mutant was significantly lower than that of the
WT at 6 hpi and continued to decrease. These rates of bacterial
clearance were similar to our previous data obtained using a flat
silicone implant (36).

Biofilm development in vivo. Mice received implants pre-
coated with the WT or the rhIA mutant or received uncoated im-
plants (sterile implants). At specified time points, the implants
were recovered and prepared for SEM and CLSM by being cut in
half as shown in Fig. 1A. The distributions of the WT and the rhIA
mutant on the implants at 0 hpi were uniform in the SEM images
(Fig. 2A and B). At 1 dpi, the WT had already formed a biofilm, as
shown in Fig. 2C and E. The bacterial load in the biofilm increased
visually at 2 and 3 dpi (not shown), but by 7 dpi bacteria were no
longer visible and the implants resembled sterile implants (see Fig.
S1in the supplemental material). The rhIA mutant did not form a
biofilm, and almost no bacteria were visible at 1, 2, 3, or 7 dpi (Fig.
2D and F).

PMN interaction with biofilm in vivo. Invasion of PMNs was
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rhlA-mutant

pre-insertion

FIG 2 SEM images of biofilm development in vivo. (A and B) Images of
implants coated with WT P. aeruginosa (A) and the rhlA mutant (B) pre-
insertion. Bars, 10 pm. (C) WT P. aeruginosa biofilm being invaded by
PMNss at the edge of the implant (white arrow) at 1 dpi. PMNs are also seen
on the side of the implant (double-headed black arrow). The single-headed
black arrow points to another edge of the biofilm, but mostly the entire
interior of the implant was covered with biofilm. Bar, 200 pm. (E) WT
biofilm at 1 dpi. Bar, 10 pm. (D and F) Biofilm with the rh/A mutant. Bars,
200 wm (D) and 10 pm (F).

seen at the edge of the biofilm and is shown in Fig. 2C (white
arrow). PMNs were also observed at the side of the implant (dou-
ble-headed black arrow). The single-headed black arrow in the
figure points to another edge of the biofilm, but mostly the entire
interior surface of the implants was covered with biofilm. PMNs
were observed in contact with the WT strain at 1, 2, and 3 dpi (Fig.
3), progressively becoming embedded in the biofilm matrix. At 2
and 3 dpi, the PMNs all appeared damaged, with cavities in the

FIG 3 SEM images of WT P. aeruginosa biofilm invaded by PMNSs. (A and B)
Clusters of PMNSs on top of the WT P. aeruginosa biofilm at 1 dpi. Bars, 50 wm
and 10 pm, respectively. In the lower left corner of image A is an image giving
an overview of the setting. Bar, 200 pm. (C and D) Images of WT P. aeruginosa
biofilm at 3 dpi. Bars, 50 pum and 10 pm, respectively. At 3 dpi, the PMNs were
imbedded in the biofilm matrix. In the lower left corner of image C is an image
giving an overview of the setting. Bar, 200 pm.
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FIG 4 SEM images of P. aeruginosa rhIA mutant biofilm and PMNs. The images show implants coated with the rh/A mutant at 6 hpi (A and B) and 1 dpi (C and
D). Bars, 10 and 5 pum, respectively. The bacteria occurred in clusters, and little biofilm was left by 1 dpi. Panels A and C both contain an image in the lower left

corner to give an overview. Bar, 500 pum.

membrane (Fig. 3C and D; see Fig. S2 in the supplemental mate-
rial). By 6 hpi, numerous PMNs had already been attracted to clear
the infection for both strains (Fig. 4A and B; see Fig. 6A). The rhIA
mutant was cleared rapidly; by 1 dpi, very few bacteria (corre-
sponding to 100-fold fewer CFU than the WT level) but numerous
intact PMNs could be seen on the implants (Fig. 4C and D). These
results are consistent with the earlier measurements of bacterial
load and with our previous observations using the mouse implant
model of Christensen et al. (36). The morphologies of the PMNs
interacting with the WT and rh/A mutant biofilms differed, with a
more elongated appearance (indicative of active phagocytosis) for
PMNss in contact with the rhlA mutant biofilm.

One of the implants with the rh[A mutant looked similar to a
sterile implant at 1 dpi (see Fig. S3 in the supplemental material),
with a thick layer of host cells, including PMNs, encapsulating the
implant. We also imaged sterile implants at 1 and 7 dpi, but these
implants did not show the same degree of encapsulation by host
cells or clustering of actively phagocytosing PMNs as the implants
with the rh/A mutant (see Fig. S1).

Visualizing the in vivo PMN interaction with biofilm by
CLSM. Using SEM, we identified PMNs and bacterial biofilms on
the implants. To fully confirm that the host cells were PMNs, we
used CLSM to visualize the PMN multilobed nucleus, using PI
(red) and Syto9 (green) as stains. PI stains the DNA of dead cells or
extracellular DNA, and Syto9 stains living cells. The implants were
stained directly after removal from the mice and were not fixed.
The biofilm and the influx and clustering of PMNs on the implant
were easily visualized (Fig. 5A). We observed an increase in dead
PMNs on the WT biofilm from 1 to 2 dpi, with all but a few PMNs
dead at 2 dpi.

We observed wire-like structures on the implants and specu-
lated that these were extracellular DNA from both bacteria and
PMN:ss. By treating the implants with DNase (Benzonase), we were
able to remove the PI-stained strings imaged by CLSM (Fig. 5B).
Similar wire-like structures were also observed in the SEM images,
in which the structures appear to connect WT bacteria and PMNs
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(Fig. 6A and 7), but were also seen in SEM images of pure salmon
sperm DNA (Fig. 7).

However, SEM investigations of DNase-treated implants re-
vealed that we were not removing all fibers (Fig. 6B and C). We
observed a decrease in the matrix material, but the treatment left a
vast amount of matrix fibers on the implant. Thus, we cannot
conclude that all of the SEM observed wire-like structures were
made entirely of DNA, but it was certainly present in the observed
matrix.

DISCUSSION

In this study, we developed a foreign body infection model in mice
by using hollow silicone tubes to enable visualization of biofilm
development, PMN infiltration, and matrix material in vivo. The
model is an improvement of earlier in vivo models, since the hol-
low tubes prevent peritoneal fluids and blood from covering the
area of interest. Thus, only the bacteria and the actively migrating
inflammatory cells inside the tubes are exposed for observation
when the tubes are opened after being extracted from the mice.
In 2003, Jesaitis et al. (24) used an in vitro biofilm model to
show paralysis of PMNs on the surface of a P. aeruginosa biofilm.
The PMNs were rounded and lacked the characteristic polarized
morphology of motile, active phagocytosing cells but were still
capable of phagocytosing the biofilm below (24). The authors
concluded that polarization and migration of PMNs were dis-
rupted by biofilm contact but that the phagocytic and secretory
activities were preserved. MacRae et al. (31) made a similar obser-
vation in 1980. Using SEM, they observed that human PMNss full
of phagocytosed bacteria adopted a smooth rounded surface con-
tour, which they proposed was due to the disappearance of lamel-
lipodia and cell processes. We observed rounded PMN morphol-
ogy in the SEM images; however, we speculate that the PMNs were
dead, since many of them appeared damaged, with obvious cavi-
ties in the membrane, after contact with the WT biofilm. Jesaitis et
al. (24) also found that areas devoid of biofilm contained actively
phagocytic PMNs with a morphology resembling that of implants

Infection and Immunity
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FIG 5 PMNs and wire-like DNA structures on implants visualized with CLSM. Due to the penetration of PI into the cell via the damaged cell membrane, dead
cells can be visualized as red fluorescence. The green fluorescence of Syto9 is used to visualized living cells. (A) PMNs on an implant coated with WT P. aeruginosa
at 1 dpi, stained with PI and Syto9 immediately after removal. Both dead (red) PMNs (white arrow) and some live (green) PMNs (black arrow) are seen. (B)
Implants coated with WT P. aeruginosa either treated with DNase or not treated (PBS). Wire-like structures on implants not exposed to DNase treatment were
imaged at both 1 and 2 dpi (white arrows). On implants treated with DNase, no wire-like structures were imaged.

infected with the rh[A mutant or that of sterile implants. Similarly,
we previously found that in PMNs exposed to flow chamber bio-
films, only those in direct contact with the WT biofilm had im-
paired phagocytosis and rhamnolipid-mediated lysis (7, 36). The
SEM images in the present study clearly indicated that the WT
biofilm, but not the rhlA mutant biofilm, enabled destruction of
the PMNs, thus confirming rhamnolipids as a major P. aeruginosa
virulence factor. The in vivo activity of rhamnolipids has previ-
ously been shown in pulmonary infection models, in which an
rhlA mutant is cleared faster than the WT due to the absence of
rhamnolipid-mediated killing of the incoming PMNss (1, 36). The
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involvement of rhamnolipids has previously been reported for the
pathogenesis of CF and the development of ventilator-associated
pneumonia (27, 28). In addition to implants, the interaction that
we identified between biofilm and PMNs may also be important in
the CF lung and in chronic wounds, where PMNs are unable to
clear the infection (8, 35).

Bacterial extracellular DNA (eDNA) has been associated with
the matrix of the biofilm phenotype, where it is proposed to be a
component stabilizing the biofilm structure (40). Allesen-Holm et
al. (3) reported that in P. aeruginosa biofilms grown in flow cells,
eDNA is generated by lysis of a subpopulation of bacteria. How-
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FIG 6 Wire-like structures imaged with SEM. (A) SEM image of an implant
with WT P. aeruginosa at 6 hpi. Bar, 10 wm. (B) SEM image of a nontreated
implant (PBS) at 1 dpi. Bar, 10 wm. (C) SEM image of an implant coated with
WT P. aeruginosa and treated with DNase at 1 dpi. DNase treatment did not
remove the wire-like structures entirely but seemed to reduce the thickness.
Bar, 10 pm.

ever, when the bacteria interacting with host PMNs release rham-
nolipids, the PMNs undergo lysis and release their cellular con-
tents, including DNA (23). This release of DNA and actin can also
enhance biofilm development (38). Moreover, PMNs can release
DNA when they form neutrophil extracellular traps (NETs),
which are composed primarily of chromatin DNA, histones, and
granule proteins, to kill bacteria (11). Most reported studies of
NETs used purified PMNs from human blood, which were acti-
vated and studied in vitro. Several studies have identified NETSs in
vivo, but by use of histological methods (5, 11, 12). Ermert et al.
(20) isolated PMNs from mice but stimulated them in vitro for the
investigation of NETs. Our study is the first to show the generation
of wire-like DNA structures in vivo, using unfixed samples and
visualization by CLSM and DNA staining. Treatment with DNase
indicated that the wire-like structures stained with PI were formed
of DNA, since it was possible to locate the wire-like structures only
on nontreated implants. The wire-like structures were present
only on implants coated with the WT, not on those coated with the
rhlA mutant, indicating that the structures arise from lysis of
PMNS.

The wire-like structures observed with CLSM resemble the
wires seen in the SEM images. We speculated that these wires
contained DNA and were not artifacts introduced during the
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in vivo implants 2 dpi

Salmon sperm

FIG 7 SEM images of wire-like structures on an implant with a WT P. aerugi-
nosa biofilm at 2 dpi and on fixated pure salmon sperm DNA, as a control. (A
and C) Single area with wire-like structures. (B and D) Net of wire-like struc-
tures. (E and F) Wire-like structures very similar to those observed on the
implants with a WT P. aeruginosa biofilm and PMNs (A to D). Bars, 5 pum (A,
B,andE) and 1 pm (C, D, and F). Images A and B both contain an overview of
the implant in the lower left corner. Bars, 10 pm.

preparation for SEM, since pure salmon sperm DNA revealed the
same structure. However, treatment with DNase seemed to reduce
the thickness of the wires but did not remove them, as seen by
CLSM, similar to findings by Alhede et al. (2). Krautgartner et al.
(29) showed that fibrin and NETs cannot be discriminated by
SEM based on morphological criteria but that CLSM can be used
to visualize fully hydrated bacterial biofilms (30), and thereby
DNA wires. The origin of the DNA was not determined, and fur-
ther studies are required to determine whether it arises from bac-
teria or PMNGs.

Using this model, we were able to achieve a high bacterial load
on the implants, and visualization of the biofilm developing on the
implants confirmed the quantitative bacteriology results we nor-
mally see in this mouse model during a 3-day experiment (14a).

In conclusion, we believe that this model provides innovative
insight into the unresolved immunological failure of the host de-
fense in clearing chronic biofilm infections. In particular, the un-
derlying mechanisms for the resistance of biofilms to antibiotics
and the host immune response, especially PMNs, have not been
identified fully. Using this model, we showed that biofilm devel-
opment in vivo depends on the production of virulence factors
such as rhamnolipids. Our results emphasize the importance of
treating, and perhaps preventing, biofilm infections with agents
that target the virulence of biofilm-forming bacteria. In summary,
we showed that PMNs are the main immune component in this in
vivo biofilm model and that they can be destroyed by rhamnolip-
ids produced by WT P. aeruginosa. In addition, we showed the
presence in the biofilm of eDNA from either bacteria or PMNs,
and further studies are required to identify its role in biofilm in-
fections.
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